ABSTRACT
INTRODUCTION
Since the initial identification of the D-E-A-D family of putative RNA unwinding proteins, the number of known genes encoding such products has greatly increased (1, 2) . Thus far, only in 5. cerevisiae has there been an effort directed toward finding these genes, and at least fourteen different D-E-A-D box genes have now been reported in that organism (2, 3) . The protein of this type which has been best studied biochemically is eukaryotic initiation factor-4A, which is part of the cap-binding protein complex, has an ATPase activity, and as part of the complex acts as an RNA helicase, serving to unwind secondary structure at the 5' end of the messenger RNA molecule (4) (5) (6) (7) . This complex has recently been implicated in oncogenesis, as overexpression of the cap-binding subunit in NTH 3T3 cells results in the transformed phenotype (8) .
Many of the other D-E-A-D proteins are larger than eIF-4A, with molecular weights on the order of 70,000 daltons or greater, rather than the 46,000 daltons characteristic of the translation initiation factor. These larger proteins include a conserved domain including most of the residues of eIF-4A, flanked by relatively unique amino acid sequences on the amino-and carboxy-terminal ends. Eight of these larger proteins, including the three members of the related D-E-A-H subfamily, have been implicated as involved in RNA splicing in S. cerevisiae (2, (9) (10) (11) (12) (13) (14) (15) (16) . The Drosophila protein vasa, also a member of this class, is a component of ribonucleoprotein complexes called polar granules, which are determinants for germ cell formation in the embryo (17) (18) (19) (20) . Mutations in vasa in the maternal germ line lead to somatic pattern deletions and absence of germ cells in progeny embryos (21) .
Here we report the isolation of another D-E-A-D gene from Drosophila. The gene, Dbp73D, is expressed in both sexes; in ovaries, its transcription is limited to germ-line cells. The putative RNA helicase protein encoded by Dbp73D includes all of the previously described highly-conserved sequence motifs of the D-E-A-D family of proteins, but also contains a number of unique features which will be discussed in detail below.
MATERIALS AND METHODS

Analysis of Dbp73D transcripts
RNA was extracted by either of two methods: homogenizing tissues in 4 M guanidinium isothiocyanate, 0.1 M Tris, pH 7.5, 1% 2-mercaptoethanol, 0.5% N-lauroylsarcosine, 0.5% diethylpyrocarbonate, extracting twice with phenolxhloroform, and precipitating by adding 0.04 volumes 1 M acetic acid and 0.5 volumes absolute ethanol. Alternatively, RNA was extracted by the method of Sambrook, et at. (22) . Tissue was homogenized in a buffer consisting of 50 mM NaCl, 50 mM Tris-HCl (pH 7.5), 5 mM EDTA, 0.5% SDS, and 200 /*g/ml proteinase K, and incubated at 37° for 1 hr. The homogenate was extracted twice with phenol:chloroform, and the RNA was precipitated once with ethanol, and a second time with 4 M LiCl. Polyadenylated RNA was selected by oligo-dT cellulose column chromatography (Pharmacia). The RNA was separated on a 1 % agarose/formaldehyde gel.
Whole-mount in situ hybridization to Drosophila tissues
The procedure followed was that of Tautz and Pfeifle (23) with the following modifications. Ovaries were dissected in Ringer's solution, fixed in 4% paraformaldehyde in PBS, and permeabilized in 90% methanol:10% DMSO as described by Ephrussi et al. (24) . Proteinase K treatment was for 1 hr at room temperature at a concentration of 50 /tg/ml. Embryos (0-24 hr) were collected on apple juice-agar plates, collected, their chorions removed with 50% commercial bleach, and fixed according to the protocol of Tautz and Pfeifle (23) . They were then dehydrated through 30%, 50% and 70% ethanol, and stored in 70% ethanol at -20°. For hybridizations, the embryos were rehydrated at room temperature and treated according to the procedure of Tautz and Pfeifle (23) as modified by Ephrussi, et al. (24) . All hybridizations were carried out overnight, with digoxigeninlabelled DNA probes, at 45° in microcentrifuge tubes in a hybridization solution of 5xSSC, 50% formamide, 100 /ig/ml denatured salmon sperm DNA, and 50 /ig/ml sodium heparin. Visualization of the sites of hybridization was accomplished by reaction with an alkaline phosphatase conjugated anti-digoxigenin antibody (1:2000 dilution for 1 hr), washing, and staining with bromochloroindolyl phosphate/nitro blue tetrazolium for 45 minutes.
Nucleic acid hybridizations
Southern and Northern transfers were performed using standard techniques (22) . Hybridizations were carried out in 2xSSCP, 5 xDenhardt's, 0.1 % SDS, 9% dextran sulfate overnight at 65°, washes were twice in lxSSC, 0.5% SDS, then once in O.lxSSC, 0.1% SDS, all at 65°. Radiolabelled DNA probes were made by the oligonucleotide-primed labelling method of Feinberg and Vogelstein (25) . In situ hybridizations to polytene chromosomes were performed with biotinylated probes according to the method described by Ashburner (26) .
DNA sequencing
The entire cDNA and genomic sequence was determined on both strands. All sequencing was performed using the dideoxynucleotide-based chain-termination method (27) , using either Sequenase (United States Biochemical) or T7 DNA polymerase (Pharmacia). The sequence was mostly determined using subclones into the M13mpl8 and M13mpl9 single-stranded phage vectors (28) , and two nested series of Exolll deletions (29) in the plasmid vector BlueScript (Stratagene), and was completed by using newly-synthesized oligonucleotide primers on existing subclones. 
RESULTS
The original Dbp73D clone (X6) was isolated fortuitously in an oligonucleotide-based screen of a genomic phage library (30) for novel rhodopsin genes. Restriction fragments of X6 were then used to isolate a cDNA clone, p6, from a library made from larval transcripts, and to complete a short chromosomal walk of 33 kb. Nucleotide sequence comparisons indicated no significant homologies between the rhodopsin oligonucleotide and Dbp73D. The chromosomal region surrounding the Dbp73D gene is illustrated in Figure 1 . The Dbp73D gene is present in a single copy in the Drosophila genome, at polytene chromosome location 73CD on the left arm of chromosome 3 ( Figure 2 ). Its single 2.4-kb transcript is expressed in embryos, larvae and adults, but is undetectable in RNA prepared from adult heads (Figure 3) . The lack of expression in heads, and the reported ovarian expression of other Drosophila D-E-A-D genes, such as vasa and ME31B (18, 19, 31) , suggested that a more detailed investigation of the expression of Dbp73D in the female germ line was warranted. This was carried out by the method of wholemount in situ hybridization.
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Dbp73D encodes a D-E-A-D-box protein
The nucleotide sequence of Dbp73D was determined, and is listed in Figure 5 residues from the end of the helicase domain to the termination codon.
Overall, using the BESTFTT program (gap weight 3.00, length weight 0.10; ref. 33 ) the predicted Dbp73D product was compared with other D-E-A-D proteins, and similarity scores between 44.2% (with Mssll6) and 52.9% (with Tif) were obtained. Furthermore, the helicase domain of Dbp73D shares 36 of the 47 amino acid identities common to the initial eight members of the D-E-A-D helicase family (1, 34) . Five additional residues differ only by conservative substitutions (isoleucine for leucine in two cases; valine for leucine in one; tyrosine for phenylalanine in another, serine for threonine in the last). The predicted amino acid sequences for Dbp73D and four other RNA helicase genes are compared in Figure 6 , showing clearly the identity of Dbp73D as a member of this protein family. Dbp73D appears to represent a novel member of the D-E-A-D protein class, however, as it has no particularly strong homology with any previously characterized individual member of the family. Of the 11 amino acids that differ in Dbp73D from the consensus sequence, seven are also different in Spb4, a protein involved in the assembly of the 60S ribosomal subunit in yeast (16) . This may suggest a closer relationship between these two proteins than among the family in general, although their similarity is a moderate 50.3%.
Although Dbp73D is a member of the D-E-A-D family, in its sequence the number of residues between conserved motifs is often greater than in the other proteins; for example, positions 34-40, 215-233, and 323-353 in Figure 6 . Some of these additional amino acids would be expected to confer relative structural differences to the Dbp73D protein, such as the eight amino acid sequence containing three proline residues from positions 33-40 in Figure 6 , immediately amino-terminal to the A-motif of the ATP-binding site. Although some of the other proteins, most notably Spb4 and Mss-116, also exhibit such aberrant spacing (positions 114-118 and 307-314 for Mss-116, positions 313-324 for Spb4), the divergence from the consensus in Dbp73D is much greater. Dbp73D also carries a valine for isoleucine substitution in the third residue of the highly conserved H-R-I-G-R motif characteristic of D-E-A-D and not D-E-A-H proteins (refs. 1, 12; positions 433-437 in Figure 6 ). Spb4 carries a less conservative substitution at this residue, with the isoleucine replaced by a cysteine.
DISCUSSION
The sequence of Dbp73D is very similar to a large number of gene products, many of which have been implicated in RNA spacing or translation initiation . However, the metabolic function of Dbp73D has not been investigated in this study. Some screening for mutations has been carried out in the surrounding chromosomal region (35) , leading to the identification of four genes in 73CD: two which are required for viability, one {dark (36) . Another potential approach to isolating mutations in this gene would employ one of the PCR-based transposon mutagenesis procedures recently described (37, 38) . The D-E-A-D family of putative RNA helicase genes is likely to be very large in Drosophila, as it is in S. cerevisiae (2, 3) . Such a large number of genes implies a large degree of specificity in the RNA substrates with which they may interact. Like vasa and ME31B (31), Dbp73D is expressed in the germ line tissue of the ovary; its expression pattern in this tissue is strikingly similar to that reported for ME31B (31) , with expression beginning at stage 6. As the Dbp73D and ME31B genes are expressed in the female germ line at the time that patterning of transcripts within the oocyte is taking place (25, 40) , it will be of interest to determine the roles these genes may play in oocyte development. Dbp73D differs from other D-E-A-D proteins in its novel spacing of the conserved sequence motifs, so it is possible that it is involved in genetic regulatory pathways unrelated to those which may be mediated by previouslydescribed genes of this type. Analysis of the Dbp73D protein, isolation of mutations in the Dbp73D gene, and identification of the RNA molecules it may bind in vivo should assist in the understanding of the roles played by this gene family in developmental processes.
